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INTRODUCTION. 

A search of the available technical literature and 
text books reveals the fact that ver^^ little experimental or 
analytical data are available concerning the shape of the electro- 
motive force wave generated in the secondary of an induction 
motor. The only practical method of obtaining this wave- shape 
is by means of a search coil placed in the winding slots of the 
stator or rotor but under load conditions the inductive effect 
of the currents in the conductors distorts the voltage wave to 
such an extent that the true wave- shape would be more or less 
masked. 

It is further noted that almost no determinations of 
the wave-shape of the current in the rotor have been made. In 
some cases a theoretical discussion has brought out the supposed 
wave-shape but the assumption of certain conditions and the 
failure to take into consideration other equally important con- 
ditions has given results which are of little value other than 
for the purpose of demonstrating certain fundamental theories. 

The lack of knowledge concerning the action taking 
place in the rotor makes it rather difficult to predict the 
characteristics of an induction motor with any degree of accuracy 
and the control of certain factors, at present unkno^^ra or undeter- 
mined, may make it possible to improve greatly the operating 
characteristics of an induction motor. A complete understanding 
of these factors is essential to their control and to a definite 
knowledge of the actions taking place. 

The results of any investigations along the lines indi- 
cated above should be of interest to designer and to those en- 
gaged in amplifying the theory of the induction motor. 
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2 
GEJOtlRAL SURVEY. 

The shape of the electromotive force wave at open 
circuit has been determined by Mr. C.F.Smith and the results have 
been published in The Mechanical Engineer of November 18, 1910. 
The data and curves were obtained by winding search coils in the 
stator slots and impressing normal voltage on the rotor while 
driving it at synchronous speed and speeds below synchronism. 
By this method the wave-form of the secondary electromotive force 
was obtained and the effects due to slots and teeth were separat- 
ed from those due to distribution of the winding. 

The wave of flux distribution is assumed to be the 
same as the electromotive force wave. In fact, while determin- 
ing the wave-shape of the electromotive force, I^. C.P.Smith has 
termed his discussion •'Irregularities in the Rotating Field of 
a Polphase Induction Motor". The assumption of similarity of 
electromotive force wave and flux wave does not take into 
account the effect of the impedance drop in the winding when the 
circuit is closed and the assumption is therefore erroneous. 

The only available data on the wave -shape of the 
current was an article by Mr.H.Weichsel on •'Wave Shape of Currents 
in an Individual Rotor Conductor of a Single-Phase Induction 
Motor**. Apparently no work has been done with polyphase motors 
and the characteristics of the current in the rotor winding of 
the polyphase motor are therefore not very well known. 

Since only very meager data concerning the three im- 
portant actions in the induction motor rotor are available it 
is impossible to determine , with any degree of accuracy, the re- 
lations existing between secondary electromotive force, flux, 
and secondary current. The entire action takingiiga3^(g)^vM)0|^lC 
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3 
rotor when an induction motor operates i8 therefore verv little 
understood and not considered to any great extent in the design 
of the motor except insofar as certain conditions of design 
must be fulfilled. Neither is the effect of the primary wind- 
ing on the secondary/ reactions verj well understood. 
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4 
PURPOSE OF THIS THESIS. 

The purpose of this thesis is to determine the effect 
of the wave-form of the impressed voltage on the rotor current 
of three-phase induction motors. 

It is intended to show, by means of a number of differ- 
ent voltage waves impressed on the primary of an induction motor, 
what effect the presence of higher harmonics in the voltage 
wave has on the wave-shape of the rotor currents and to separate, 
as far as possible, the effects of harmonics from those of slots, 
teeth, and the distribution of the windings. 
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THEORY OF THE INDUCTION MOTOR. 

VThen a threerphase voltage is impressed on the stator 
of a three-phase induction motor a flux is generated by the cur- 
rents set up in the windings. This flux can easily "be proven 
to be constant in value and it rotates at a uniform angular ve- 
locity. suppose that the rotor is revolving at synchronism; 
that is, if the angular velocity of the rotating flux is 1200 
revolutions per minute the rotor is to revolve at 1200 revo- 
lutions per minute also. Then, with respect to the stator flux 
the rotor bars are not moving and cut no flux. Therefore, no 
electromotive force is induced in the rotor conductors and there 
can be no flow of current. 

When the rotor revolves, however, there are rotational 
losses even at no-load and these losses must be overcome by 
currents in the rotor. When the motor operates at no-load the 
difference between the speed of the rotor and synchronous speed 
is just sufficient to produce that current and the difference 
between the synchronous speed and the actual speed is known as 
the slip. The slip causes motion of the rotor conductors rela- 
tive to the stator flux and this cutting of the flux induces 
electromotive forces in the rotor which produce the currents 
needed. The difference between the speeds of the flux and the 
rotor conductors will be just sufficient to cause enough current 
to flow in the rotor to produce the torque required to overcome 
the rotational losses. 

When the motor is loaded a larger torque and therefore 
a greater current is demanded. To obtain a larger current a 
greater electromotive force is necessary and this increase in 
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6 
the electromotive force is caused by the increase in the slip. 
In other words, the condition of equilibrium is reached ^^hen 
the difference is speeds of the magnetic field and of the rotor 
will be just sufficient to cause enough current to flow in the 
rotor to produce the torque demanded for the load and to over- 
come the rotational losses. 

In making the calculations for the design and perform- 
ance of an induction motor it is alv/ays assumed that a sine wave 
of voltage is impressed on the stator and that the flux has a 
sine distribution. Actually neither one of these conditions is 
even approximately true and the calculations should be based 
on the principle of the equivalent sine waves being substituted 
for the actual waves. 

In ordinary commercial alternators. the wave form of 
the voltage is usually very good for practical purposes but it 
is not a sine wave for the expense connected with obtaining even 
approximately a sine wave of voltage would be very great. We 
thus reach the first error in our assumptions at the outset of 
the calculations. 

Our second error is brought into the calculations when 
we start with a certain magnetizing current and from this deduce 
the field form and the electromotive force wave-form. To be 
exact, we should obtain the field form from the electromotive 
force wave-form and from this obtain the form of the magnetizing 
current. Attacking the problem from this angle we should find 
that, due to the saturation of the iron, a third harmonic of 
greater ox* less amplitude is introduced. Further, there will 
be numerous harmonics introduced to suit trie particular v/inding 
in the stator slots. Digitized by CjOOQIc 



Digitized by 



Google 




7 
The limitations of the stator winding introduce what 
Dr.S.P.Smith has been i^leased to call the "spacing ripple". If 
it were possible to distribute the stator winding uniformly over 

the face of the armature a sine 
'Yave of flux distribution could 
be obtained. However, the wind- 
ing must be laid in slots and 
there is thus a non-uniform 
increase of the flux from the 
edge to the center of the pole. 
Fig. 1. The form of the flux wave as 

plotted from a consideration of the am^;ere turns per slot is 
given in Fig.l. The maximum flux marks the center of the pole. 

As the armature revolves the teeth pass under the pole 
of the motor and produce pulsations of the flux of two kinds; 
(1) a pulsation due to the change in reluctance under the pole 
and (2) a sv/inging of the flux along the periphery of the rotor 
as a tooth under the horn of the pole is replaced by a slot. 
The first of these pulsations is due to the fact that the re- 
luctance varies aa the number of teeth under the pole changes 
from one value to another and back again as the rotor revolves. 
This first increases and then decreases and then increases again 
the value of the flux and causes ripples in the flux wave. The 
second of these pulsations is due to the flux sweeping across 
the face of the armature. As a tooth is replaced by a slot at 
the horn of the pole the reluctance of the magnetic path increases 
at this point and the flux attempts to follow the tooth toward 
the center of the pole. V/hen at the next instant the slot has 
been replaced by another tooth the reluctance atui^jlf^a ^Q^ciOQ^lC 



Digitized by 



Google 



8 
again "been decreased and the flux swings back to this point, 
this swinging of the flux causes pulsation in the electormotive 
force wave induced in the rotor. Messrs. Smith and Boulding 
employ the terra "tooth ripples" for this pulsation to distinguish 
them from the "spacing ripples" previously explained. 

The higher harmonics of the impressed voltage, the 
spacing ripples, and the tooth ripples all have an effect on the 
wave-shape of the induced voltage. The result is an induced 
wave which is extremely complicated in form and which has har- 
monics of a high order in its fabrication. The wave- shape of 
the rotor current will for the most part approximate the shape 
of the electromotive force wave because an induction motor is 
equivalent to a transformer with a non-inductive load and there- 
fore a determination of the wave- shape of the rotor current will 
indicate approximately what the wave- shape of the rotor voltage 
will be. 

The shape of the current wave may be obtained by means 
of a search coil or by means of a shunt in the rotor circuit. 
In the search coil method a coil of fine wire is placed in slots 
with the main winding and is influenced by the same field which 
effects the main rotor conductors. The taps to the search coils 
are brought out to slip rings and connection is made with the 
oscillograph at this point. The search coil method is appli- 
cable especially to the squirrel-cage induction motor. 

The shunt method makes use of a shunt in the short- 
circuited rotor circuit and the current flowing through this 
shunt is taken to the oscillograph vibrators. This method is in 
common use in most cases when currents of more than one-half 
ampere are present. Digitized by GoOglc 
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DESCRIPTION OP TffiTHOD AlTD APPARATUS. 

The induction motors used for these experiments were 
those in constant use in the Electrical Engineering laboratory. 
The machines are of standard make such as are in commercial use 
at the present time. 

The impressed voltage was obtained from three differ- 
ent sources in the laboratory in order to obtain the different 
wave-shapes required. Two of the three alternators used were 
small General Electric Co. three-phase, 60-cycle, 110- volt 
alternators and were driven by electric motors. The third ma- 
chine was an Allis-Chalmers three-phase, 60-cycle, 110- volt 
alternator used as the ordinary source of three-phase supply in 
the electrical laboratory. Reference to the oscillograms shows 
that both the General Electric alternators have very good wave- 
forms but the Allis Chalmers alternator has a flat- topped wave 
which is as much distorted as the voltage wave of commercial 
alternators would ever be. 

The induction motors were loaded by belting them to 
a direct current generator and connecting an incandescent rlagap 
load to the generator. By this means a steady load was obtained 
on the induction motor and the pulsations due to fluctuating 
load were eliminated. At start the induction motor, unloaded, 
was connected directly across the line. This was possible be- 
cause the voltage disturbances in th*^ line at start were un- 
important and because all of the induction motors were of small 
size. The voltage, current, and frequency were read at the 
motor by means of a three-phase board. 

It was found unnecessary to adjust the Allis Chalmers 
alternator after the voltage had been set at the y^ft^5^^'0L^>©[^ 
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10 
by means of the alternator field r.heostat. The steam engine 
used for driving automatically kept the frequency constant and 
the alternator was of sufficient size to supply the necessary 
current with out an appreciable voltage drop. 

The General Electric alternators were driven by direct 
current motors and the speed was kept constant by means of a 
motor field rheostat. In order to compensate for the voltage 
drop under load the alternator field excitation was increased 
under load. All control apparatus was placed at the induction 
motor in order to expedite the governing of the conditions of 
the test. 

The wave -shape of the rotor current was obtained by 
the shunt method. The rotor slip rings were short-circuited 
externally through an exposed shunt-bar and the desired amount 
of current was passed through the oscillograph by connecting the 
taps of the oscillograph to the shunt -bar. The diagram of con- 
nections indicates clearly the method of obtaining the desired 
current for the oscillograph. 

The shunt method of obtaining the wave-form of the 
rotor current was used because of the error introduced by the 
search coil and because of construction difficulties. A search 
coil wound in the rotor slots with the main conductors is sub- 
ject to inductive action because of the current in the main con- 
ductors. This is likely to cause a distortion of the actual 
wave of rotor current because the search coil is subjected not 
only to the main field of the alternator but also to the field 
caused by the currents in the main rotor conductors. 

Some of the difficulties encountered bear mentioning 
to illustrate the methods used in overcoming thert^jgitizJcfcy^^iOOQlC 
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necessary, in order to obtain a curve of the rotor current which 
could "be studied intelligently, to use a current vibrator which 
was about four times as sensitive as those ordinarily used in 
the oscillograph. By this means the hig:her harmonics were ade- 
quately shown. 

The most prolific source of error in making the tests 
was at the contact point between the brushes and the slip rings. 
Some of the oscillograms show a sudden decrease in amplitude and 
then an increase. This is undoubtedly due to poor contact be- 
tween brushes and slip rings and was overcome to some extent by 
making the contacts as good as possible. 

One of the first things noticed in mctking the tests 
was that the rotor current wave was not stationary on the trac- 
ing table. This led to the supposition that the same thing 
might occur in the exposure of the film but no evidence of a 
non-stationary wave was discovered. ?«Ir.H.Weichsel (Proceedings 
of the American Institute of Electrical Engineers June 1911) 
explains this phenomenon by resolving the total current into 
two different waves, one of which has ••line plus speed** frequency 
and the other having slip frequency. The curves he gives show 
clearly that is is impossible to produce a stationary rotor 
current wave on the tracing table with the standard design of 
oscillograph because the wave repeats itself only after a com- 
paratively long period of time. 
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OPERATIONS. 

The method of obtaining the oscillograms was as 
follows: The induction motor under test was connected to the 
source of power supply and was "belted to a direct current gener- 
ator to obtain the required loading. The motor was then oper- 
ated under load until it had heated about to the ordinary/ run- 
ning temperature. 

The voltage and frequency wure then adjusted to their 
normal values and the motor load adjusted until the alternating 
current ammeter indicated the full current input. The oscil- 
lograph was then conaected into the oscillograph circuit (see 
diagram of connections) and the amplitude of the rotor current 
wave adjusted to the desired value by increasing the voltage 
drop over the shunt pith. A wave of line current was also ob- 
tained by a connection similar to t]iat employed for the rotor 
current wave-form. The wave-fonn of the impressed vcltuge was 
also obtained by connecting one of the vibrators across the 
supply line in series with an alternating current voltmeter. 
The impressed voltage wave -form was obtained for purposes of 
identification and for the purpose of stjidying the wave-shapes. 

The oscillograph motor was then started and the arc 
was lighted. The three waves could then be seen on the tracing 
table and they were adjusted as to amplitude and position on 
the film. The film in its holder was attached to the oscillo^. 
graph after the shutter had been closed. The direct current 
motor for driving the film drum was then started and the speed 
of the drum adjusted. 3y an electrical contact the shutter was 
then opened and the film exposed for one complete revolution of 
the drum. Digitized by GoOglc 
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13 
In this manner the v/ave-shape of th^ rotor current 
was obtained under full load and under no-load. Similarly, with 
two other voltage waves the full load and no-load rotor current 
wave-flhapes were obtained. 

Another induction motor ^^ras then used and the three 
wave- shapes previously employed were again used to obtain the 
effect of a particular wave-shape of impressed voltage on the 
rotor current of that induction motor. By these methods three 
different induction motors were operated, each on three differ- 
ent wave- shapes of line voltage, at full load and at no-load. 
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CONCLUSIONS. 

Comparing Records Nos, 1, 3, and 5 we find that No. 1 
shows the most irregular secondary current curve. No. 5 also 
has a more irregular secondary current wave than No. 3. In each 
case we see in the primary current wave a variation in the 
amplitude of the wave. The primary wave reaches its maximum 
when the secondary current is zero and reaches its minimum when 
the secondary current is a ^maximum. This would seem to indicate 
that the secondary current influences the primary by inductive 
action and causes pulsations in the primary current. 

A comparison of Records Nos. 2, 4, and 6 indicates 
that the higher harmonics have the greatest ajnplitude in Record 
No. 2 and the harmonics of Record No. 4 are of less amplitude 
than those of Record No. 6. Reference to the voltage curves 
shows that the voltage applied on Record No. 4 is more nearly 
a sine wave than that of Record No. 6 which, in turn, is more 
nearly a sine-wave than that of Record No. 2. The primary 
current wave in Record No. 2 shows a comparatively large higher 
harmonic while the primary current wave of Record No. 4 seems 
to be almost a sine wave, having only spacing ripples and tooth 
ripples in evidence. 

Records Nos. 7, 9, and 11 show the same general charac- 
teristics as Records Nos. 1, 3, and 5. Again the irregular 
voltage wave induces larger higher harmonics than the approxi- 
mate sine wave of voltage. In Records Nos. 7, 9, cuid 11 the 
pulsations of the primary current are not in evidence. 

Records Nos. 8, 10, and 12 show the same character^., 
istics as Records Nos. 2, 4, and 6. 
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Records Nos. 13, 15, and 17 show the same general 
characteristics as Records Nos. 1, 3, and 5, 

Records Nos* 14, 16, and 18 show the same general 
characteristics as Records Nos. 2, 4, and 6. 

The above observations indicate that at full load and 
at no-load the more irregular the wave-form of the impressed 
voltage the greater will be the amplitude of the higher har- 
monics of the secondary current wave. The harmonics in the 
secondary current wave are for the main part due to spacing 
ripples and tooth ripples and would probably be present eiren if 
a pure sine wave of voltage were impressed on the stator. These 
ripples are, however, amplified oy the higher harmonics of the 
impressed voltage wave. 

A comparison of the effects of one wave-form on three 
different machines indicates mainly that the harmonics are due 
almost entirely to the distribution of the windings and to the 
slots and teeth. The only method by which a comparison could 
be made on this basis is by the separation of the harmonics due 
to the impressed voltage •from those due to the characteristics 
of the machine. This was not possible with the limited time and 
apparatus at hand. 

The probable reason for the exaggerated harmonics in 
the secondary current curve is that an induction motor resembles 
a condenser. This is due to the fact that while the slip is 
small in relation to the fli>ix due to the fundamental it is, how- 
ever, large in relation to the fields of the higher harmonics 
which rotate at a speed which is some multiple of the main field. 
Therefore the harmonics in the wave of impressed voltage will 
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induce in the rotor voltages which have a comparatively large 
value. These voltages will produce in the rotor and therefore 
in the stator, currents of large amplitude. 

These higher harmonics in the rotor current not only 
contribute nothing to the torque of the motor but they also in- 
crease the hectting in the motor and reduce its rating. This, 
hov/ever, is not very serious as under load, it v/ill be observed, 
the higher harmonics are only a small percent of the total rotor 
wave and their effect is not of as great importance as would 
first be imagined. If, therefore, the manufacturing expense 
must be materially increased to reduce these harmonics to their 
minimum value it is not economical to refine the construction 
to such a degree. Rather it is better to reduce the rating of 
the motor slightly if this proves necessary. 

One feature of interest in connection with these 
higher harmonics relates to the question of wound rotors versus 
squirrel-cage rotors. If a single coil is directly short circuit- 
ed on itself, as would practically be the case in the squirrel- 
cage rotor, we should probably obtain a considerable current of 
high frequency. But by connecting in series the conductors in 
several slots we find that the resultant voltage due to irregu- 
larities of the field is much decreased and, at the same time, 
the impedance of the circuit in which this voltage acts is 
materially increased. The high-frequency, pulsating currents 
may therefore be reduced to a relatively small value in a wound 
rotor and its rating may probably be increased. 
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APPENDIX. 
IDENTIPICATION DATA. 

Motor #A is a three-phase induction motor. It is a 
110-volt, 6-pole, 60-cycle machine at is rated at 5 H.P. at 
1200 r.p.m. It is numbered E.E.1041. 

Motor #B is a three-phase induction motor. It is a 
110-volt, 6-pole, 60-CjCle machine and is rated at 5 H.P. at 
1200 r.p.m. It is numbered E.E. 1391. 

Motor #C is a three-phase induction motor. It is a 
110-volt, 4-pole, 60-c;ycle machine C4.nd is rated at 5 H.P. at 
1600 r.p.m. It is numbered E.E. 1042. 

Wave-Porm #1 was tc:^ken form an Allis Chalmers alter- 
nator. This alternotor supplies three-phase power at 110 volts 
and 60 cycles. It is numbered E.E. 1015. 

Wave-Ponn #11 was taken from a General Electric alter- 
nator. This alternator supplies three-phase power at 110 volts 
and 60 cycles. It is numbered E.E. 1029. 

Wave-Porm #111 was taken from a General Electric 
alternator. This alternator supplies three-phase power at 110 
volts and 60 cycles. It is numbered E.E. 1292. 

The oscillograms showing the wave-form f o the voltage 
of the three aJLternators are given on pages XX, XXI ;, and.. 
XXII. 
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